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A HYDROGEN PEROXIDE HOT-JET SIMULATOR
FOR WIND-TUNNEL TESTS OF
TURBOJET-EXIT MODELS

By Jack F. Runckel and John M. Swihart
SUMMARY

A turbojet-engine-exhaust simulator which utilizes a hydrogen per-
oxide gas generator has been developed for powered-model testing in wind
tunnels with air exchange. Catalytic decomposition of concentrated
hydrogen peroxide provides a convenient and easily controlled method of
providing a hot jet with characteristics that correspond closely to the
jet of a gas turbine engine.

The problems associated with simulation of jet exhausts in a tran-
sonic wind tunnel which led to the selection of a liquid monopropellant
are discussed. The operation of the jet simulator consisting of a thrust
balance, gas generator, exit nozzle, and auxiliary control system is
described. Static-test data obtained with convergent nozzles are pre-
sented and shown to be in good agreement with ideal calculated values.

INTRODUCTION

It has long been recognized that jet effects are responsible for a
number of the differences between drag, stability, and loads results
obtained in flight tests and in the usual wind-tunnel investigations.
Because of the importance of these effects, methods for simulating Jets
were developed for subsonic tunnels (ref. 1), for supersonic tunnels
(refs. 2 and 3), and for rocket models (ref. 4). The problem of simula-
tion at transonic speeds, however, was found to be more difficult because
of the much greater importance of support interference effects (refs. 5
and 6). The use of air or air-fuel-combustion systems (ref. 7) would
require large induction pipes which must be enclosed in thick support
members and would lead to increased transonic support interference.

A simulation scheme that would permit detailed study of installation
problems and jet interference effects for complete or essentially complete
models was desired. The primary characteristics desired were large model



size, minimum support interference, and sufficiently close duplication
of turbojet exhaust characteristics to permit valid studies of the
interactions of such a Jet with both internal and external flows.

After consideration was given to several methods of producing a hot
Jet that would simulate the characteristics of turbojet-engine exhausts,
as well as to a system that would require a minimum of space inside the
model and support, the liquid monopropellsnt hydrogen peroxide was
selected. The literature revealed that hydrogen peroxide had been used
as a successful gas generator for turbopump turbine drives (ref. 8).
Extensive information concerning experience with the liquid as & pro-
pellant was available (ref. 9), so that little development work appeared
to be required to adapt this system for research.

The purpose of this paper is to describe the development of a hydro-
gen peroxide turbojet-engine simulator, which can be used for powered
model testing in wind tunnels with air exchange, in superscnic blowdown
tunnels, or in free flight, and to indicate the necessary associated
equipment for use in the wind tunnel. The results of static tests on
some turbojet-exit-tailpipe configurations obtained by using the hydro-
gen peroxide simulator are discussed.

SYMBOLS
A Jjet exit area, sq ft
Cp thrust coefficient, Fj/qu
Cr,o static thrust coefficient, FJ/pOA
Ca mass-flow discharge coefficient, w/wi
d diameter
FJ measured jet thrust
Fy ideal thrust for complete isentropic expansion of primary flow,
y-1

7Y
P
g 7 ’ pt)d



Fi e ideal convergent nozzle thrust, %Jn;R 5 f T Ty,3 + A(pj - po)
g acceleration due to gravity, f‘t/sec2
M Mach number
P static pressure, lb/sq ft
Pt total pressure, lb/sq ft
q dynamic pressure, lb/sq ft
R gas constant, ft/OR |
r average radius of curvature of Jet boundary
T temperature, Or
t static temperature, OF
ty total temperature, OF
\' velocity, ft/sec
w measured weight flow, lb/sec
7+1

2(»-1) !__73

Wi ideal weight flow for choked exit, Pt,jA<7 " l) §E;_;
’
X distance from decomposition-chamber inlet
4 ratio of specific heat at constant pressure to specific heat
at constant volume
o) angle between Jjet axis and tangent to free jet boundary at
nozzle lip, deg

p mass density, slugs/cu ft
Subscripts:
c convergent nozzle
J Jet



o barometric
t total
® free stream

FLOW-SIMILARITY CONSID.[RATIONS

A propulsive Jet affects the airplane through both direct reactions
and interferences. In certain free-flight and wind-tunnel stability and
performance investigations (refs. 4 and 10), complete simulation of both
items may be required. For most wind-tunnel investigations, however, it
is only necessary to reproduce the interference effects. Primary atten-
tion was focused on this more restricted problem in the development of
the jet simulation system considered herein. Simulation of the jet intake
flow may not be necessary if the external "low field in the vicinity of
the exit is similar to that of the airplan:. Numerous drag investigations
have provided a broad background of informition concerning the interfer-
ence effects of intake flow in the transonic-speed range.

A convenient approasch in an analysis >f interference effects due to
a propulsive jet is to break down the jet flow into two regions: the
region of the jet bulb immediately downstr:am of the exit and the trailing
mixing region. With a given set of external flow conditions the initial
shape of the jet boundary is determined mainly by the ratio of specific
heats 7y and nozzle exit pressure ratio _:nj/p00 of the jet flow (ref. 11).

Results from numerous investigations at th2 Langley Laboratory have indi-
cated that duplication of the slope of this segment of the Jet boundary

is all that is required in studies of the ocase and boattail drag of after-
bodies without appreciable flow separation and external interference
effects associated with the initial (exit) shock. This finding 1s of
great practical significance with regard t> similator selection, inasmuch
as it permits the use of a jet with an incorrect ratio of specific heats
for a limited range of investigations, because the correct initial
boundary shape still can be obtained by opzrating the simulator at some
arbitrary exit pressure ratio.

The characteristics of the jet downstream of the initial expansion
are determined by & number of internal jet-flow properties in addition
to the specific-heat ratio and the nozzle exit pressure ratio. For
example, when the external stream is supersonic, the internal jet shock
penetrates the mixing boundary into the free stream and forms a second
external shock system downstream of the exit shock (ref. 12). When the
external flow is subsonic, the internal skock, instead of penetrating
into the external flow, reflects from the interface, so that the familiar
"shock diamonds" are formed and a somewhat wavy jet boundary results
(ref. 11). In either case, simulation of the downstream shock structure



obviously involves reproducing the exit Mach number and nozzle geometry,
as well as exact representation of the exit pressure ratio and ratio of
specific heats. This degree of simulation appears to be adequate for
most studies of downstream shock interference effects.

Complete representation of the interference effects of the down-
stream jet requires simulation of the mixing processes along the jet
boundary, in addition to all the items mentioned previously. These
mixing processes are governed by the viscosities, momentums, and heat-
transfer rates of the local elements of mixing flow so that complete
simulation involves essential representation of the actual jet engine
exhaust. This degree of simulation obviously is not needed 1n most
flow-field studies. It may be justified, however, in investigations
wherein flow entrainment along the jJet boundary and jet-area-displacement
effects are important factors. For example, changes in Jet temperature
have been found to have significant effects in investigations of after-
bodies with appreciable flow separation and investigations of after-
burner arrangements. In such cases, departures from complete simulation
can only be Justified on the basis of experience.

Preliminary studies on Jet effects at the Langley and Lewis
Laboratories of the NACA considerably clarified the nature of the
downstream-mixing and jet-interference effects due to changes in
exhaust gas properties. After study of these findings and the flow-
similarity considerations previously discussed, it was decided that the
Jet-simulation system to be used in the Langley 16-foot transonic tunnel
must provide a hot jet which would closely represent the flow conditions
in the immediate vicinity of the nozzle exit and would reasonably simu-
late the downstream flow-fleld effects, yet would not compromise the
necessary minimization of the support-interference effects.

SUITABILITY OF HYDROGEN PEROXIDE FOR JET SIMULATION

Study of a number of possible methods of jet simulation led to
selection of & monopropellant (hydrogen peroxide) rocket system as
being most suitable for the use of the Langley 16-foot transonic tunnel.
This system possesses the basic advantages of compactness, small supply
lines, and ease of operation (the jet pressure ratio is controlled by
simply varying the weight flow through the system). The products of
decomposition of HoOp, steam and oxygen, allow safe operation in a wind

tunnel. The emount of water added to the airstream would not affect
the operation of either a large wind tunnel cooled by an air exchange
system or a blowdown type of tunnel.



Physical Properties of Hydrogen Peroxide

Hydrogen peroxide is a clear liquid cxidizer with a high internal
energy content. It is used in rocketry ir concentrations between 80
and 100 percent (ref. 9). The physical properties of HoOo are listed

in references 9 and 13. Some of the physical properties of the mixture
of HoOp decomposition products are shown in figure 1. The liquid can

be decomposed catalytically by many heavy metals and their salts. The
chemical mechanism of hydrogen peroxide decomposition by silver catalyst
is discussed in reference 1l4. Some incomplete decomposition has been
experienced with concentrations of hydrogen peroxide lower than 90 per-
cent when a silver catalyst bed was used; therefore, only this commer-
cially available concentration was considered. All further reference
in this paper to Ho02 is for a concentration of 90 percent hydrogen
peroxide by weight, with the remaining weight being pure water. Decom-
position of 90 percent HpO2 results in an increase in volume of 5,23%3
times with an adiabatic decomposition temperature of 1,36h0 F at atmos-
pheric pressure. The molecular weight of this gas is 22.105 and the
ratio of specific heats 7 1is 1.266. The coefficient of thermal con-

ductivity is about 12.5 X 10'6, and the kinematic viscosity calculated
for a jet total-pressure ratio of 4.20 is about 9.2 x lO'h.

JET-FLOW CHARACTERISTICS

In order to illustrate the suitability of a hydrogen peroxide jet
for turbojet-exhaust simulation in the Largley 16-foot transonic tun-
nel, HpO2 jet flow characteristics have been calculated for three impor-
tant operating conditions (take-off static thrust, high subsonic cruising,
and afterburning climb flight) and are conpared in table I with corre-
sponding characteristics for an actual turbojet exhaust and fox a cold
alr jet. The parameters held constant in the comparisons are the stream
Mach number and the jet total-pressure ratic Pt,j/Pw~ The ambient con-

ditions chosen for the turbojet corresponé to the actual flight condi-
tions, whereas the ambient temperature anc¢ pressure chosen for the

HoO2 simulator and cold air jet are typicel values encountered in a
transonic atmospheric wind tunnel. Zero intake-ducting losses, a con-
vergent nozzle, and nozzle discharge and velocity coefficients of unity
were assumed in the calculations. Jet-boivndary-shape parameters were
determined by use of the charts of refererce 11. Jet-boundary-shape
parameters for HpO0p were obtalned by interpolation of the charts of ref-

erence 11 and are presented in figure 2.

For the operating conditions considered in table I, the initial
jet-boundary-shape parameters & and r/dj are in reasonably close



agreement for all three types of jets in the cruising and afterburning
flight conditions. The jet-bulb-radius parameter r/dj given for the

HoOp simulator is lower than for the turbojet and cold air Jet for the

static-thrust condition. It is believed, however, that the difference
shown is unimportant, because the slope of the curves of r/dj plotted

against pt,j/Po tends to become infinite at jet-pressure ratios in the

neighborhood of 2.5. (See fig. 2.) As in all the other cases shown,
changing the operating pressure ratio by only a few tenths would result
in initial jet-bulb shapes almost identical with those for the actual
turbojet exhaust.

It is interesting to note that a comparison of the kinematic vis-
cosities (a factor in the Reynolds number affecting the shear at the
jet boundary) of the hydrogen peroxide jet and a turbojet exhaust shows
almost perfect agreement. The coefficients of thermal conductivity
which are involved in the heat transfer between the boundaries are about
10 percent higher for the hydrogen peroxide jet than for the turbojet
engine. In view of the agreement of the kinematic viscosities and the
coefficients of thermal conductivity of HpO2 and turbojet exhaust gases,
interface mixing phenomena are closely simulated when the thrust coeffi-
cient (ratio of jet to stream momentums) and ratios of Jjet temperature
to stream temperature are reasonably close. Thus, it appears that
internal-external flow interactions in the trailing-wake region of
interest for ejector studies can be essentially reproduced for some con-
ditions. Inasmuch as appreciable success has been experienced in corre-
lating ejector pumping characteristics for tests with various gases by
use of a simple weight-flow parameter involving the gas temperatures and
molecular weights (for example, ref. 15), the HpOp Jet-simulation tech-
nique would appear to be fully adequate for ejector studies over a broad
range of test conditions where the thrust coefficients and temperature
ratios differ appreciably from the desired turbojet exhaust values.
Limits of applicability obviously will have to be established by exper-
imental comparisons, as will the usefulness of the technique for cases
in which the interference effects of the more remote jet wake are of
importance.

The actual thrust provided by the jet simulator generally is of
secondary importance in wind-tunnel studies. It is noted, however,
that for the static, cruising, and afterburning climb conditions of
table I, the pertinent thrust parameters for the HoO2 jJet (thrust per
unit jet area in the static condition and thrust coefficients for the
flight conditions) are only 1L4.5 percent high, 5.2 percent high, and

17% percent low compared with the thrust parameters for the turbojet

operating conditions being simulated.



APPARATUS

The apparatus required for operating a hydrogen peroxide jet simu-
lator system must include suitable storage tanks, a flow controlling
system, and a gas-generator-——exit-nozzle combination.

Because of corrosive effects of HpO;, special materials must be

used for storing and handling concentrated hydrogen peroxide. It can
be stored for long periods of time in 99.6-percent pure aluminum con-
tainers which have received a special interior-surface pickling treat-
ment to make them passive. Certain stainless steels can be used for
short-time storage containers by giving them a proper passivation treat-
ment. Reference 16 describes the passivetion treatments that can be
used on suitable materials. Since hydrogen peroxide is not compatible
with many organic and inorganic materials, extreme caution must be used
to prevent contact with these materials. Explosive mixtures can be
formed with hydrocarbons such as gasoline and alcohol. Reference 16
contains safety precautions for handling and storing hydrogen peroxide.
The use of concentrated HoOp as a propellant requires special equipment

and acceptable types are described in reiferences 16 and 17.

Storage and Supply System

The hydrogen peroxide storage-tank f'arm at the Langley 16-foot
transonic tunnel is shown in the photogr:iph of figure 3. The tanks have
a capacity of 5,000 gallons each and are constructed of 99.6-percent
pure aluminum. The hydrogen peroxide storage system is equipped with
temperature monitors and automatic alarm and flooding provisions in case
contamination occurs and disposal of the hydrogen peroxide is necessary.
The personnel, wearing special protective clothing, are shown while
transferring hydrogen peroxide from a storage tank to the supply tank
mounted on a trailer.

The trailer-mounted hydrogen peroxice supply system is shown 1n
figure 4. It consists of a 1,100-gallon temporary storage tank, a
hydrogen peroxide transfer pump, a 30-ga’.lon high-pressure tank, a
nitrogen pressurizing cascade, and safet]” water tank, pump, shower,
and hoses. A sketch illustrating the operation of the trailer-mounted
portable supply system 1s presented in f:.gure 5. This trailer is used
to transport HoOp from railroad tank car: to the storage tank farm at

Langley and to operate the HpOp jet simu . ators. All transfer and supply
operations can be controlled from the trailer panel or from a remote
station connected with it. The hydrogen peroxide flow rate can be con-
trolled by the amount of pressure on the system and by throttling the
flow with a valve. Weight flows up to about 7 pounds per second at
pressures up to 1,000 lb/sq in. are indicated on an electronic flowmeter.



Safefy interlocks control the operating sequence, and desired flow rates
can be established in about 10 seconds by adjusting the throttle valve
while observing the flowmeter.

Jet Simulator

The present jet simulator consists of a thrust balance, gas gen-
erator, and tailpipe—exit-nozzle combination. A photograph of a hydro-
gen peroxide jet simulator is shown in figure 6. Details of the simu-
lator are given in the sketch of figure 7, and some of the components
are shown in figure 8. Hydrogen peroxide enters the thrust balance
through a passage designed to eliminate liquld momentum and Bourdon tube
effects and to minimize ambient and differential heating effects. Strain
gages were mounted on webs on the sides of the vertical liquid passage.
The thrust balance and decomposition chamber were machined from one block
of high-temperature alloy to eliminate welds and chances of leakage.

The turbojet simulator utilizes a gas generator (fig. 7) in which
the liquid enters the decomposition chamber through an inlet orifice
which is designed to provide a pressure drop of about one-half the cham-
ber pressure at the design flow rate. It has been found that this pres-
sure drop will prevent pressure oscillations called chugging (ref. 18).
The catalyst bed is made up from 20-mesh 0.0lk-inch-diameter wire screens
of 99.6—percent pure silver activated with a samarium nitrate treatment .t

The hydrogen peroxide gas generator units can be made in a wide range
of sizes to develop thrust outputs from 2 pounds to 400 pounds and much
greater. Figure 9 shows a series of hydrogen peroxide gas generator units
that have been developed for use in research models at the Langley
Aeronautical Laboratory of the NACA. They range in size from the small
0.5-inch-diameter unit to the 5.25-inch-diameter unit shown at the top.
These units have been developed for wing-tip reaction controls and pri-
mary jets in free-flight models, for exhaust simulators in towing-tank
seaplane models, for multiengine jet-interference models, for missile-
rocket-motor simulation, and for the turbojet-engine simulator described
herein.

Two of the convergent exit nozzle configurations that have been
statically tested with the turbojet-engine simulator are shown in fig-
ures 6 snd 7. These were scaled nonafterburner nozzles corresponding
to turbojet engine exits. One type of tailpipe configuration had a
sonic throat (fig. 8) located directly behind the decomposition chamber,
which was similar to the design used in reference 4. A perforated cone

lCatalyst ped and treatment devised by BECCO Chemical Division, Food
Machinery and Chemical Corporation, Buffalo, New York.
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was installed in the tallpipe of these unite in order to shock the flow
to subsonic speeds and create a total pressire loss. The throat was
eliminated in the arrangement shown in figure 7 to reduce the internal
pressure at the connection between the deconposition chamber and the
tailpipe. The perforated cone was retained in some throatless configu-
rations to damp pressure pulses of unknown crigin which occurred in the
tailpipe.

STATIC TESTS

The hydrogen peroxide jet-simulator sy:tem was statically tested
to determine the agreement of the model-exit-nozzle characteristics
with those of a turbojet engine nozzle. These tests covered a range
of operation corresponding to that required for a transonic-wind-tunnel
model test program.

The instrumentation used during the static tests consisted of a
thrust balance, total- and static-pressure orifices located in the gas
generator and in the exit-nozzle—tailpipe combination, and thermocouples
located both inside the Jet simulator and on the outside surface of the
unit. Pressures were measured with electrical transducers and transmitted
through carrier amplifiers to recording oscillographs. Thrust-balance
strain-gage output was also measured on the recorder. Temperature meas-
urements were obtained on multichannel or pen-trace self-balancing poten-
tiometers. All tests were made by varying the flow rate of HpOp through
the jet-simulator system in predetermined s*eps of 10 to 20 seconds
duration.

The estimated accuracy of the pressure measurements is t3 percent.
Thrust measurements presented herein are es-imated to be within 1 percent
of full scale or sbout t4 pounds of thrust.

Internal Pressure::

The first step in investigating the operation of the turbojet simu-
lator was to determine if the design condit:.on of a sonic exit had been
met. Figure 10 shows the distribution of internal pressures along the
walls of the turbojet simulator. The circu.ar symbols are data taken
with no shock-inducing devices in the tailp.pe. The steady increase in
static pressure at the walls and the decrease in total pressure in the
passage is an indication of a series of obl:i.que shocks in supersonic
flow. The flow did not become subsonic unt..l1 beyond the orifice at the
15.2-inch station, and supersonic flow pers.sted through the entire
tailpipe for decomposition-chamber pressures slightly higher than those
presented. It was decided, therefore, to install a perforated cone
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(fig. 7) which was designed to induce shocks in the flow in order to
produce subsonic speeds. Data from tests with this type of cone are
shown in figure 10 and indicste that the perforated cone produced the
desired subsonic flow. The solid line on the Mach number distribution
indicates the distribution that would be obtained from the pressure
measurements and the area distribution. Sonic exit conditions with the
perforated cone were obtained at all pressure ratios above that required
to choke the nozzle.

A multiple-tube total-pressure rske was installed in a simulator
tailpipe—exit-nozzle combination at about the 16.7-inch station. The
radial survey of the total-pressure distribution for several values of
Jet total-pressure ratio, pt,J/Po’ is shown in figure 11. These results

indicate that the total-pressure distribution is quite flat across the
section, except at the highest pressure ratios. 1In addition, the
boundary-layer thickness is relatively thin and should remain so as the
flow accelerates to the exit nozzle.

Temperature Surveys

The variation of temperature, both internally and externally, along
the jet simulator is shown in figure 12, at the locations indicated on
the top sketch. Internal total temperatures were measured with liquid
or stagnation-type thermocouples having a high temperature-recovery fac-
tor. The variation of the temperature rise through the catalyst bed is
unknown, but a temperature increase of 1,320° F occurred from the void
space ahead of the catalyst to the chamber measurement in back of the
bed. Discoloration of the steel of the decomposition chamber indicated
that most of the temperature increase occurred in the initial one-third
of the bed. The temperature losses through the walls of this tailpipe
were small; a decomposition temperature of 1,385° F was measured behind
the catalyst bed and the stagnation temperature dropped 35° F to a value
of 1,350° F at the exit measuring station. The fact that the measured
decomposition temperature was higher than the theoretical value of
1,36h° F for a 90 percent concentration of HpO2 may be the result of a
higher concentration of HoOp, and inlet temperature and decomposition-
chamber pressure higher than standard. External surface temperatures
show a more gradual rise, reaching a maximm of 1, 100° F at 15 inches
from the inlet of the decomposition chamber. It should be pointed out
that the temperature variation shown exists while Hy0, 1s being decom-

posed in the system. Upon shut-off, skin temperatures on the tailpipe
decrease, but the temperatures at the upstream end of the decomposition
chamber increase as the heat flows back into the inlet system, which
has been cooled by the liquid Hp0p during Jjet operation. The tempera-

tures of the connecting end of the thrust balance may approach 250 F,
which represents a limit for strain-gage installations. It 1s apparent
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that the residuasl heat of the jet simulator msy be a problem when the
unit is installed inside a model near instrumentation.

Flow Measurements

Static tests with atmospheric back pressure have been conducted on
the jet simulator system at the Langley hydrogen peroxide Jet test stand.
Weight-flow measurements obtained from the liquid hydrogen peroxide flow-
meter are compared in figure 13 with calculeted flow rates at two Jet
simulator sonic nozzles of the type shown in figure 10. The total pres-
sure and temperature measured in the decomposition chamber and in the
tailpipe were used to determine the flow rates at the throat and the
exit, respectively. Calculations for the exit of the 3.2-inch-diameter
nozzle are not shown below a weight flow of 2.0 pounds per second, since
the jJet exit was not choked in this region. The measurements of the
weight flow taken at three different points in the system are shown to
be in good agreement.

Weight-flow data for tailpipes with the throat removed (fig. 7) and
some data from figure 13 are compared with liquid flowmeter measurements
in figure 14. From these data, discharge ccefficients Cy (defined as

the ratio of measured to theoretical weight flow calculated from the
exhaust-gas measurements) have been determired. The average value of
the discharge coefficient for these convergent nozzles is about 0.97,
which is consistent with usual convergent-nczzle values (for example,
ref. 19). This correspondence is an indication of uniform flow across
the exit nozzle.

The relationship between propellant weight flow and jet pressure
ratio for various sizes of convergent nozzles with a hydrogen peroxide
jet-simulator system is shown in figure 15. The solid lines represent
the ideal relationship for the decompositior. products of 90 percent
hydrogen peroxide calculated for the adiabalic decomposition temperature
of 1,364° F and standard atmospheric conditions. The linear variation
of jet pressure ratio with weight flow of propellant is illustrated for
sonic nozzle conditions. In the actual case, the nozzle would not be
choked below the critical pressure ratlo of 1.82, and all the curves
would fair into a jet-off pressure ratic of 1.0 since the flow is zero
at this point. The test points shown (dd = 2.62 in.) are measurements

of the liquid hydrogen peroxide flow rate obtained from the electronic
flowmeter. Calculated weight flows determined from measured exhaust
gas pressures and temperatures are compared with the flowmeter measure-
ments. The deviation of this calculated flow from the ideal values is
attributable to use of the measured jet temperature which was lower
than the adisbatic decomposition temperature and to a higher ambient
pressure than standard.
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The decomposition chamber was designed for a weight flow of 4 pounds
per second, and the unit could pass weight flows up to 7 pounds per second
with smooth and steady operation, with instant starts and stops belng
made once the propellant lines were filled. It has been found that for
the decomposition-chamber size and flow rates used (average flow rate
2.5 1b/sec), the catalyst bed would last for about 1 hour before the bed
deteriorated. With the exit nozzle shown in figure T (dj = 2.62 in.)

ratios of jet total pressure to ambient static pressure up to 5 could be
easily established in the static test facility. It should be noted that
pressure ratios considerably greater than those corresponding to turbo-
Jjet operation at transonic speeds (ref. 20) can be obtained in atmospheric
wind tunnels because of the decrease in static pressure with Mach number.
This is illustrated in figure 16 where Jet pressure ratios have been cal-
culated for Mach numbers from O to 1.4 as a function of the ideal weight
flow parameter wi/A. The actual jet pressure ratios obtained in a simu-

lator installation will depend upon the pressure losses in the induction
system and the pressure availaeble with the supply epparatus.

Thrust Measurements

The variation of jet thrust with pressure ratio is presented in
figure 17 for a convergent nozzle having an exit diameter of 3.20 inches.
Measured thrust is compared with the ideal convergent nozzle thrust and
the ideal thrust for complete isentropic expansion of the primary flow.
The ideal thrusts have been calculated from measured weight flows, jet
total temperatures, and jet total pressures. The ratio of measured jet
thrust to the ideal isentropic thrust is also shown in this figure and
has an average value of about 0.97 for this nozzle.

The variation of static thrust coefficient CF,O with Jet pressure

ratio is presented in figure 18 for three convergent nozzles. The static
thrust coefficient nondimensionalizes the data so that all sizes of noz-
zles should be on a single line. The differences between the nozzles are
mainly due to differences in the nozzle discharge coefficients. The data
presented in figures 17 and 18 indicate that the thrust values obtained
with the jet simulator are in good agreement with the theoretical values
for full-scale convergent nozzles.

CONCLUDING REMARKS

A hydrogen peroxilde turbojet-engine-exhaust simulator for powered
model testing in wind tunnels with air exchange has been developed.
The hydrogen peroxide system provides a hot jet with characteristics
that correspond closely to the exhaust of a turbojet engine. This sys-
tem has the advantage of compactness, small propellant lines, and simple
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control of the Jet pressure ratio by varying the propellant flow rate.
The necessary associated equipment needed -0 operate the system has

been described. Static-test data obtained with the hydrogen peroxide
system show that experimental results with convergent nozzles are in

good agreement with theoretical values and are consistent with convergent
nozzle discharge and thrust coefficients.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Field, Va., September 18, 1958.



10.

11.

15

REFERENCES

. Salmi, Reino J.: Experimental Investigation of Drag of Afterbodies

With Exiting Jet at High Subsonic Mach Numbers. NACA RM ESLI13,
1954,

. Rousso, Morris D., and Baughman, L. Eugene: Spreading Characteristics

of a Jet Expanding From Choked Nozzles at Mach 1.91. NACA TN 3836,
1956.

. Fnglert, Gerald W., and Luidens, Roger W.: Wind-Tunnel Technique for

Simultaneous Simulation of External Flow Field About Nacelle Inlet
and Exit Airstreams at Supersonic Speeds. NACA TN 3881, 1957.

. De Morses, Carlos A., Hagginbothom, William K., Jr., and Falanga,

Ralph A.: Design and Evaluation of a Turbojet Exhaust Simulator,
Utilizing a Solid-Propellant Rocket Motor, for Use in Free-Flight
Aerodynamic Research Models. NACA RM L54I15, 1954.

. Cahn, Maurice S.: An Experimental Investigation of Sting-Support

Effects on Drag and a Comparison With Jet Effects at Transonic
Speeds. NACA Rep. 1353, 1958. (Supersedes NACA RM L56F18a, 1956.)

. Lee, George, and Summers, James L.: Effects of Sting-Support Inter-

ference on the Drag of an Ogive-Cylinder Body With and Without a
Boattail at 0.6 to 1.4 Mach Number. NACA RM A5TI09, 1957.

. Evans, Albert J.: The Simulation of the Effects of Internal Flow in

Wind Tunnel Model Tests of Turbojet Powered Aircraft. Papers Pre-
sented at Seventh Meeting of the Wind Tunnel and Model Testing
Panel, Ottawa, Canada. AGl19/P9, AGARD, North Atlantic Treaty
Organization, June 1955, pp. 53-68.

. Sutton, George P.: Rocket Propulsion Elements. Second ed., John

Wiley & Sons, Inc., c.1956.

. Bloom, Ralph, Jr., Davis, Noah S., Jr., and Levine, Samuel D.: Hydro-

gen Peroxide as a Propellant. Jour. Am. Rocket Soc., no. 80,
Mar. 1950, pp. 3-17.

Li, T. Y., Yoler, Y. A., and Morgan, A. J. A.: The Design of Wind
Tunnel Experiments for the Study of Jet-On Effects. NAVORD
Rep. 3473 (NOTS 1081), U. S. Naval Ord. Test Station (China Lake,
Calif.), Apr. 12, 1955.

Love, Eugene S., and Grigsby, Carl E.: Some Studies of Axisymmetric
Free Jets Exhausting From Sonic and Supersonic Nozzles Intc Stiil
Air and Into Supersonic Streams. NACA RM L5LL31, 1955.



16

12.

13.

14,

15.

16.

17.

18.

19.

20.

Bressette, Walter E., and Faget, Maxime A.: An Investigation of
Jet Effects on Adjacent Surfaces. NACA RM LS55E06, 1955.

Anon.: Hydrogen Peroxide Physical Properties Data Book. Second
ed. Bull. No. 67, Food Machinery ani Chemical Corp., BECCO
Chemical Div. (Buffalo), 1955.

Wentworth, R. L.: The Mechanism of thes Catalytic Decomposition of
Hydrogen Peroxide by Silver. Rep. No. 32, D.I.C. 6552 (Contract
No. N5ori-07819), M.I.T., May 1, 195L.

Kochendorfer, Fred D.: Effect of Proparties of Primary Fluid on
Performance of Cylindrical Shroud Ej:ctors. NACA RM E53L2ka, 1954.

Anon.: Handbook - Field Handling of Cmcentrated Hydrogen Peroxide
(Over 52 Weight Percent Hydrogen Perosxide). NAVAER 06-25-501, Bur.
Aero., July 1, 1955. (Rev. Jan. 15, 1957.)

Davis, Noah S., Jr., and Keefe, John H., Jr.: Equipment for Use
With High-Strength Hydrogen Peroxide: Jour. Am. Rocket Soe.,
vol. 22, no. 2, Mar.-Apr. 1952, pp. 6:3-69.

Sanders, John C., Novik, David, and Hat, Clint E.: Effect of
Dynamic Characteristics of Rocket Corponents on Rocket Control.
Aero. Eng. Rev., vol. 16, no. 10, Oc:. 1957, pp. 73-77-

Huntley, S. C., and Yanowitz, Herbert: Pumping and Thrust Character-
istics of Several Divergent Cooling-nir Ejectors and Comparison of
Performance With Conical and Cylindr:cal Ejectors. NACA RM E53J13,
1954.

Cortright, Edgar M., Jr.: Some Aerodynamic Considerations of
Nozzle-Afterbody Combinations. Aero Eng. Rev., vol. 15, no. 9,

Sept. 1956, pp. 59-65.



17

(2 313 @9g)

‘Touuni puls oTJoydsouwrye JOJ soNTBA ucmam>w:wmn

c0138a aanssaxd Jo ssnTsBA MOT 38 o1303dwAse

JMWOI3Qq S3AINI Y] SB YonwssBUT 3aswd STUJ UT Pﬁm#hogg %H®>HPMH®.H PuUB ATNOTIITP ﬂd\k JO QOHPmEﬁPmmm
€¢ |9°TE|h6 T| OxT‘e|6R 69| Lz T|#23g‘T|gn 9| Liw‘G | 0°1¢ [Lg*2|0T9 THe £66 00661 S0CHq
¢'¢ |0°6Tig6: | o=0°Tlog-¢C| of Tlogé |19°9| LGGG | GroztiGl-2|o19 ™8 ¢66 00661 ITVq
¢°¢ |g'o2|Ge-e| GTGe|0G ¢S] 0¢ T|oGz ¢ |Gg L] 0Go‘e | $'9T |hg°2|26¢ 192 60¢ 000¢G [3efoqang
!
02°G = 01T°T = W fquITo BUTU.MQI=a1Jy
LT
L9*¢ |T-LT{tx 2| Ooq1‘2|68°69| L2 T|eg‘T|LL g| 009G | 0°9¢ [2¢- e |09d 699 22¢°‘T ooh‘zT S0%Hq
OL*¢ |O"HT|GT T| 020°Ti{0¢ ¢G| o' T|02s [#6°g] GTILCC | G 62T |22 elogs 699 22T oon‘et ITVq
OL*'¢ |G CT|96 T| 029 T|ge-¢C| 9¢ T|Ges‘T|G6°L| ¢o0‘2 | ¢ g2 |G- 2 |n6C ase 864 000¢6¢  [3efoqang
og'H = wam £6g 0 = W f(BurtuangqieiFeuou) JUITTI BUISINID
d
T'ge |%°9 |----| O0%T‘2|68 69| Le-T|®ag‘T|----| O0OGL‘% | 0°'QS¢ |eh'Tlo2S --- ArA S 0 CocH
9°¢Te| GG |----| 020°T|0€°¢C| O T{02C |----| HGO‘C | 9-#¢T [LE-T|028 --- eTe 0 1Y
8°0Tg|9°9 |---=| GLLCT|{OH ¢G|GHE "T|009‘T|--~-| @#T‘t | 0°g9 |o"T|02C --- Te1‘e 0 1ofoqany,
092 = dqmm f0 = "W {(BuruaIngIelJeUCU) 3SNIY} OT3BIS JJO-IBL
o | Bep| = [9°8/23)y /a3 Yo 33 bs/at| 33 PS| o | y |3z bs/qT |23 bs/at 13 18l
K3 ‘Qq d» B | e | A ereag| o | Y |999/aT| g fewp| % «°q | ‘opn3aTy | odAl
Uqﬁ,m .~<\._.”3

SHELHWVYVd LSOVHXH I3L 40 SNOSIHVAWOD

I 319Vl




do ‘} ‘@4ngpiadway uoi1Is0dWOD8p 21:0gDIPY

18

*aasydsouje O°T 3B wsysds pauljuodun Jo uotiTsoduwodap
0T3BQRTIPY *sionpoxd uorjrsoduwoosp spixodsd usfoapAy Jjo sotqasdoad TBOTSAYd ~-T o2anSTq

tybram Ag jusdoiad ‘uoljpijuaouU0D apixosad usboipAy

00! 06 08 0. 09

002 189 o
| //// \\\ 2
00¥ ™~ / 0L o I'l O
d o~ /7 o w
S~ o e
009 >~ \\ 2L 3 218
| Pk 58
T ~ | . oy
008 | A TITrlx l[”/// v, D €1 a
A \ [ —t— - w
/o ~

000! 9, P v

OO0t | \m JF

/
0091 -

0081 \

0002 B — U S . .



19

44 9
401 8
36 7

> 32 6
5 / -
B o
c y -
8 / g
- 5 8
5T \\ / L
n I8
Q -
g \ / °2
° B / o
o w

5“5 \\ // g_§
g q \K d 52
T o / o ——— o .6
fen E -
o N 5
n O '6
N o &
o . —
> © '6 +—-Tangent to free 2 &

. o
- | boundary at exit O
o [
2 / N <Jet boundary 2
@ 12 |
. / P
Q ‘“8
o
T ///<k Jet axis
T, / / .

/ __-(/90°—8
Jot ,

/

© 2 4 6 8 10 12
Jet total-pressure ratio, p, j//po

%

Figure 2.- Jet-boundary shape parameters for 90 percent by weight hydro-
gen peroxide decomposition products. Convergent nozzle exhausting
into still air. Mj =1.0; = 1.27.
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Figure 10.- Variation of measured internal pressure along jet simulator.
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